Functional MRI was used to study the impact of temporal lobe epilepsy (TLE) and anterior temporal lobectomy (ATL) on the cortical language network in patients with medically refractory TLE.
Temporal lobe epilepsy (TLE) is the most common cause of medically intractable partial epilepsy. 1 Anterior temporal lobectomy (ATL) has been used to treat patients with medically refractory TLE, 2 resulting in seizure freedom in approximately 60% of these patients. 3 However, decline in language functioning has been reported in some of the patients with TLE who undergo ATL. [4] [5] [6] [7] [8] [9] Previous neuroimaging studies using functional MRI (fMRI) have shown that patients with TLE demonstrated atypical cortical representation of language processing, [10] [11] [12] and ATL exerted differential impact on the language functions of the left and right TLE patients. 10, 13 Nevertheless, it is still unclear whether the distinct patterns observed in the left and right TLE patients is a consequence of the ATL alone or due to the cortical reorganization before the surgery.
The present study has 2 major objectives: 1) to determine the differential impact of the left and right TLE on the cortical organization of language functioning in preoperative patients through comparing their fMRI response with that of a group of healthy control subjects; and 2) to determine the impact of ATL on the left and right TLE patients through comparing their preoperative and postoperative fMRI responses. Based on the previous data, we hypothesized that epilepsy on the left and right temporal lobe would elicit distinct impact on the cortical organization of language functioning. We also hypothesized that the pattern of cortical activation would change after the ATL, indicating cortical reorganization.
METHODS Patients. Twenty-three consecutive patients with medically refractory unilateral mesial TLE who were undergoing presurgical evaluation for ATL in the University Hospital at London Health Sciences Centre (LHSC) participated in this prospective study. The clinical profile of the patients, including neurologic examination, EEG findings, neuropsychological data, and anatomic MRI data, were reviewed for eligibility in this study. Inclusion criteria included MRI compatibility, unilateral mesial TLE of any cause except where a lesion extended to the posterior temporal neocortex or other adjacent brain regions apart from the anterior temporal neocortex, medically intractable epilepsy, surgical candidates, and no history of brain surgery. The handedness of the subjects was assessed using the Edinburgh Handedness Inventory. 14 Eleven healthy right-handed subjects (mean age 26.9 Ϯ 1.6 years) were recruited as normal controls for the study. English was the first language among all the subjects. This study was approved by the Research Ethics Board of the University of Western Ontario, with all subjects providing written informed consent upon recruitment.
Imaging methods. Anatomic and functional MRI scanning was performed on a 1.5-T GE Signa Excite MRI system (GE Healthcare, Waukesha, WI) with a full-volume head coil at the University Hospital of the LHSC (London, Ontario, Canada). Postoperative scans were completed in 6.4 Ϯ 1.6 months in the left TLE patients and 7.8 Ϯ 1.6 months in the right TLE patients. A high-resolution whole brain T1-weighted anatomic MRI (3-D) spoiled gradient recall echo pulse sequence, 120 slices, 1.5-mm slice thickness, 0 gap, field of view [FOV] 24 cm ϫ 24 cm, 256 ϫ 265 matrix, 0.75 mm ϫ 0.75-mm in-plane resolution, repetition time [TR] ϭ 6,000 msec, echo time [TE] ϭ 1,500 msec, flip angle ϭ 10°) was obtained. For fMRI, a T2*weighted 1-shot spiral-in sequence 14a was used to measure the blood oxygenation level-dependent (BOLD) signal over time. A boxcardesigned verb-generation paradigm was used for testing, which consisted of 10 active states and 11 rest states of equal duration and required 7.5 minutes. Each active state consisted of covert generation of action verbs in response to 5 visually presented nouns and lasted 22 seconds. The same task incorporating a different set of words was used preoperatively and postoperatively to avoid any potential practice effect. The 2 sets of words were comparable with respect to frequency and length. The total acquired fMRI volumes were 190 with each volume consisting of 30 slices (5-mm slice thickness, 0 gap, FOV 24 cm ϫ 24 cm, 64 ϫ 64 matrix, 3.75 mm ϫ 3.75-mm in-plane resolution, TR ϭ 2500 msec, TE ϭ 40 msec, flip angle ϭ 90 o ). fMRI data analysis. SPM2 (www.fil.ion.ucl.ac.uk/spm) was used to preprocess the data and to perform statistical analyses based on the generalized linear model. The functional images were aligned and normalized into standardized space using the Montreal Neurological Institute (MNI) average-152 template brain. The first volume in each run was excluded to allow time to achieve magnetic steady state. Low-frequency noise was removed from the data with a high-pass filter (cutoff ϭ 128 seconds), and the data were spatially smoothed with an 8-mm full-width at half-maximum gaussian filter. Series with motions greater than 5.0 mm were excluded from further analyses. A 1-sample t test was used for statistical analysis at the individual level. Whole brain group analysis was performed by using a mixed-design analysis of variance model (random effect) with p Յ 0.001 (uncorrected) and cluster size Ն10 voxels. Activation maps from the preoperative and postoperative sessions were overlaid on the 3-dimensional standard MNI brain. Anatomic regions of interest (ROIs), including the bilateral inferior frontal gyri (IFG), middle frontal gyri (MFG), superior frontal gyri (SFG), and anterior cingulate cortex (ACC), were selected based on previous language study 15 and defined using the Automatic Anatomic Labeling package. 16 Percent signal change was calculated from these a priori ROIs. To examine the relationship between language performance and the measured neural activities, correlation analysis was performed between the percent signal change of these ROIs and the language scores obtained from the clinical language testing. Language assessment. The Boston Naming Test (BNT), 17 a subtest of the Boston Diagnostic Aphasia Examination (BDAE), 18 and the Western Aphasia Battery (WAB) 19 were administered by a speech-language pathologist who was blinded to the fMRI results but not the status of the subjects. The Complex Ideational Material subtest from the BDAE was chosen to assess auditory processing skills in the context of short narratives. Only the language subtests of the WAB that examine the auditory and reading comprehensions plus oral and graphic expressions were administered to derive a Language Quotient (LQ). 20, 21 The reported reference value for WAB LQ in the healthy individuals was 93.8. Testing was completed at the time of fMRI study.
RESULTS
All the patients were right-handed, with normal neurologic examination and EEG findings consistent with unilateral TLE. Among the 23 patients, 4 of them (3 left TLE and 1 right TLE) were excluded from further analysis because of severe head movement during the fMRI scanning. The clinical profile of the patients, including age, sex, age at the time of presurgical fMRI, age at onset of habitual seizures, MRI findings, antiepileptic drugs tried at the time of the fMRI studies, side of the ATL, pathology of the resected tissue, and seizure outcome based on Engel classification, 2 are presented in table e-1 on the Neurology ® Web site at www.neurology. org. Left ATL was performed in 10 patients (patients 1-10), and right ATL was performed in 9 patients (patients [11] [12] [13] [14] [15] [16] [17] [18] [19] Language outcomes. The results of language assessments before and after the surgery are shown in figure e-1. Among the right TLE patients, 8 of them completed the preoperative language assessment, whereas 6 of them completed the postoperative assessment. All the left TLE patients completed the language assessments both before and after the surgery, and they showed a trend for reduction in their BNT scores after the surgery ( p Ͻ 0.086), whereas the right TLE patients did not show any changes between their preoperative and postoperative BNT scores. In addition, the left and right TLE patients showed a trend for change in their presurgical and postsurgical BDAE scores (i.e., BDAE scores decreased in the left TLE patients but increased in the right TLE patients after the surgery), but these changes did not reach significance. Both left and right TLE patients did not show any significant change in their WAB scores. fMRI findings. Before the ATL surgery, the left and right TLE patients activated a similar cortical network as the control group did. As shown in the left panel of figure 1 , the bilateral IFG, bilateral MFG, left SFG, left middle temporal gyrus, supplementary motor area, and right insular cortex were commonly activated in all 3 groups. Nevertheless, the ROI analysis revealed that the patient groups elicited stronger activity in the right IFG and MFG relative to the control group (figure 2). The major difference between the 2 patient groups is that the left TLE patients activated the left inferior and superior parietal gyri, which was not observed in the right TLE patients. In general, the verb-generation task elicited left hemisphere-dominated activation in both the patient and control groups, which is consistent with previous language studies. 10, 15 After the surgery, the right TLE patients activated the same cortical network as they did before the surgery (right panel of figure 1 ). On the contrary, the left TLE patients elicited less activation after the surgery. A subtraction analysis between the preoperative and postoperative BOLD response confirmed that the right IFG and the left MFG were less activated postoperatively in the left TLE patients ( figure 3 ). In the ROIs analysis, the left TLE patients showed a trend for decreased activation across the subdivisions of the right IFG (i.e., the pars opercularis, par triangularis, and par orbitalis) and the right MFG (figure 2).
Figure 1
Activation maps before and after anterior temporal lobectomy Activation maps for the left temporal lobe epilepsy (LTLE), right temporal lobe epilepsy (RTLE), and healthy control (CTRL) groups before (left) and after (right) the anterior temporal lobectomy (p Ͻ 0.001, uncorrected).
To determine the relationship between the subjects' language performance and level of neural activity, cross-subjects correlation analyses between the language assessment scores and the percent signal change in the a priori ROIs were performed. Before the surgery, the right TLE patients (n ϭ 8) showed stronger correlation between their BNT scores and the percent signal change in the left IFG (R 2 ϭ 0.867 vs 0.016) and the right IFG (R 2 ϭ 0.485 vs 0.258) than the left TLE patients (n ϭ 10) did (figure 4). The correlation coefficients were decreased in both the left and right TLE patients after the surgery. Although the right TLE patients (n ϭ 6) still exhibited a stronger correlation between their BNT scores and their postoperative BOLD response than the left TLE patients (n ϭ 10) did, the correlation coeffi-cients in both patient groups became negligible after the surgery.
We further expanded the correlation analyses to various language scores and ROIs and plotted the correlation coefficients as contour maps (figure 5). As shown in figure 5B , before the surgery, the right TLE patients exhibited robust correlation between various language scores (i.e., BNT, WAB LQ, and WAB subtests) and the BOLD responses at the bilateral IFG, MFG, and SFG. Consistently across ROIs, stronger correlations were observed in the left hemisphere. Indeed, the strongest correlation coefficient was the one between the BNT score and BOLD response within the left MFG (R 2 ϭ 0.92). After the surgery, the correlation coefficients within the bilateral IFG (including pars triangularis, pars opercularis, and pars orbitalis) were reduced, whereas stronger correlation was revealed within the bilateral ACC. The strongest correlation was observed between the left ACC activity and the BNT (R 2 ϭ 0.884) and WAB naming scores (R 2 ϭ 0.932) and between the left SFG activity and WAB writing (R 2 ϭ 0.982) ( figure 5D ). Relative to the right TLE patients, the left TLE patients exhibited much weaker correlation between their language scores and BOLD responses both before and after the surgery ( figure 5, A and C) . Before the surgery, the strongest correlation was observed between the BDAE scores and the BOLD response within the left MFG (R 2 ϭ 0.656) and SFG (R 2 ϭ 0.623) ( figure 5A ). After the surgery, the strongest correlation was the one between the WAB naming score and the right MFG (R 2 ϭ 0.481) ( figure 5C ). A post hoc analysis was performed to clarify whether the absence of correlation in the left TLE patients related to the different outcomes of the ATL within the group. The left TLE patients were further divided into 2 subgroups based on the change in their BNT scores after the ATL. Of the 10 patients, 4 of them showed a Ͼ15 decline in their postoperative BNT scores, whereas the others had little or no change (i.e., change in BNT score Ͻ5). Correlation analysis between the language scores and BOLD signal was conducted separately in these 2 subgroups. Strong left-lateralized correlations were observed in the group that showed an apparent decline in postoperative BNT scores (figure e-2).
DISCUSSION
The present fMRI study examined the impact of TLE and ATL on the cortical organization of language processing using a verb-generation task. The healthy control subjects activated the typical language areas (i.e., IFG and MFG) on the left hemisphere, whereas the left and right TLE patients elicited bilateral activation in the IFG and MFG. These findings suggest that epilepsy affected the cor-tical organization of language processing in both the left and right TLE patients. For the right TLE patients, the level of neural activity within the bilateral IFG and MFG correlated closely with the patients' performances in the clinical language tests. However, such a correlation was absent in the left TLE patients, suggestive of reallocation of language processing away from the typical language areas in these patients as a result of their epilepsy. Cortical reorganization is also present after the ATL, as suggested by decreased activation in the right IFG and left MFG of the left TLE patients and the attenuated correlation between the language scores and the postoperative BOLD response within the IFG and MFG in both patient groups. These findings support our hypotheses that the cortical organization of language processing is affected differently by left and right TLE and is reorganized after ATL. Before the ATL, we observed both interhemispheric and intrahemispheric shift of cortical activation in the patients with TLE. The anterior temporal lobe has been associated with the processing of semantic information. 22 Epilepsy within the temporal lobe may hence disrupt the semantic retrieval network that is involved in various language processing, including the verb-generation task of the present Correlation between blood oxygenation level-dependent signal and language score before and after ipsilateral anterior lobectomy
Correlation between blood oxygenation level-dependent signal and language score in the left temporal lobe epilepsy (LTLE) patients and the right temporal lobe epilepsy (RTLE) patients before and after an ipsilateral anterior lobectomy (ATL). Postoperative language scores were obtained from 6 of the RTLE patients, and the language score of an RTLE patient was classified as an outlier and excluded from the correlation analysis. LIFG ϭ left inferior frontal gyrus; BNT ϭ Boston Naming Test; RIFG ϭ right inferior frontal gyrus.
study. Indeed, previous study has reported that TLE affected verbal but not nonverbal memory and increased right prefrontal cortex activation during a verbal memory task. 10 In the present study, the increased activation in the right IFG and MFG of the patients with TLE therefore indicated cortical reorganization, which may play an important role in compensating the disturbed semantic retrieval network due to the epilepsy. In addition to the interhemispheric shift of activation, the left TLE patients also demonstrated increased activation in the left inferior and superior parietal cortex. Compared with the right TLE patients, the left TLE patients demonstrated a much weaker correlation between their language scores and the neural activity of the typical language areas. These findings revealed that the left TLE patients do not simply shift their language rep-resentation to the homotopic area on the right hemisphere, but also shift their language processing away from the typical language area. The lateral parietal cortex has been identified together with the dorsolateral frontal cortex as an "task-activation ensemble," which is frequently activated by demanding cognitive tasks. 23 The augmented parietal cortex activation therefore indicated that epilepsy in the left temporal lobe may exert a stronger impact to the semantic retrieval network and hence increased the activation of the task-activation ensemble relative to the right TLE patients.
After the ATL, the left TLE patients showed an attenuated activation within the left MFG and the right IFG, which is consistent with the previous findings of a verbal memory study. 10 The attenuated activities may be associated with the trend of reduced Average correlation coefficient (R 2 ) between percent signal change at different predefined regions of interest and language scores across participants BNT scores after the surgery. In fact, our post hoc analysis indicated that the left TLE patients who showed clear decrease in their postoperative BNT scores exhibited a strong correlation between their preoperative language scores and the BOLD signal within the typical language areas. This strong correlation may reflect a lack of cortical reorganization in this group of patients and make them more susceptible to decline in language functioning after ATL. Recent studies have indeed shown that it is possible to predict postoperative verbal memory outcome in ATL patients based on their preoperative fMRI signal. 24, 25 In particular, a left dominance of preoperative fMRI activation predicted verbal memory decline after ATL in the left TLE patients, 24 which is consistent with our present findings. However, the small sample size in our post hoc analysis limited further interpretation of the data. In contrast, the right TLE patients shifted the correlation between their language scores and BOLD signals from the typical language areas (i.e., IFG and MFG) to the ACC after ATL. The shift of correlation to the ACC may indicate an increase reliance on a more general cognitive control and response selection network within the ACC [26] [27] [28] in completing the verb-generation task.
Relative to the previous studies, the present study had the advantage in comparing the clinical language test scores and neuroimaging data of the same patient groups before and after ATL. This within-group repeated-measures design reduces the intersubject variability in examining the effect of surgery to the cortical reorganization. The covert language task used in the present study helped us to minimize subjects' head movement inside the scanner but, at the same time, limited us in monitoring the performance of the subjects. Future study using a sparse scanning protocol may enable us to employ an overt language task. Also, the present study does not address reproducibility of language fMRI in healthy and patient populations; we suggest that a larger scale longitudinal study should be performed in the future with repeated fMRI measures in both the preoperative and postoperative conditions to examine whether cortical reorganization changes over time in patients with TLE, especially after ATL.
